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SCINTILLATION GENERATOR FOR
SIMULATION OF AERO-OPTICAL AND
ATMOSPHERIC TURBULENCE

FIELD

An aspect of the present disclosure relates to the field of
laser optics, and more particularly, to a scintillation generator
for simulation of aero-optical and atmospheric turbulence.

BACKGROUND

Adaptive optics (AO) 1s a technology for reducing the
clfect of wave-front distortions for improving the perfor-
mance of optical systems. AO systems may be used to remove
the effects of atmospheric distortion or optical aberrations in
laser communication systems, astronomical telescopes, and
retinal 1imaging systems. AO systems operate by measuring,
and compensating for distortions in a wave-front using a
spatial phase modulator, such as a deformable mirror or a
liquid crystal array.

Propagation of laser energy and sensor imagery 1s
degraded by the optical etfects of atmospheric path turbu-
lence arising from both a near-field aerodynamic tlow-field
and Iree-stream atmospheric turbulence beyond the aerody-
namic flow regime. AO systems in use since the 1970°s
attempt to reduce the etfiects of these two turbulence regimes
on propagating optical signals; however, limitations of AO
system closed-loop bandwidth and spatial resolution hamper
the ability of AO systems to fully correct for path turbulence.
Hence, optimization and refinement of AO systems 1s actively
ongoing.

New developments 1n ultra-high speed laser communica-
tion have pushed data rates to 100 giga-bits per second (Gb/
sec) or higher, yet these laser communication systems are not
immune to acrodynamic and free-stream turbulence, and are
subject to frequent and rapid data fades and dropouts in strong
scintillation (vanation 1n amplitude at the laser-communica-
tion optical entrance pupil). For example, laser radar (LA-
DAR) systems rely on strong target backscatter signals for
accurate range and Doppler information, and these backscat-
ter signals are again modulated 1n intensity by time-varying,
scintillation, thereby decreasing system performance.

SUMMARY

In one aspect of the subject disclosure, the role of a two-
deformable mirror (2-DM) system 1s reversed to create real-
istic turbulence and scintillation for testing and development
purposes. In one aspect, the use of two deformable mirrors
(DM) 1n a scintillation generator provides a wide variety of
laser and electro-optical systems for reliable, calibrated, vali-
dated optical simulation of acrodynamic and free-stream tur-
bulence at realistic ranges and conditions, but within an opti-
cal laboratory environment. The application of a second DM
in a Fourier plane of a first DM, according to one embodi-
ment, enables simulation of amplitude fluctuations 1n the far
field, thus providing a means for accurately simulating real-
1stic propagation of beams through both aecrodynamic tlow-
fields and through free-stream paths outside the immediate
flow-field. In one aspect, a scintillation generator may be
casily reconfigured to any laser wavelength by changing
appropriate optical lens elements. In one aspect, a scintilla-
tion generator creates programmable simulations. A scintil-
lation generator, according to one aspect, should increase 1n
value and utility over time and across many programs, as the
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input files to drive the system for a specific case are added to
its broader and more general data library.

In one aspect of the subject disclosure, a scintillation gen-
erator for stmulation of aero-optical and atmospheric turbu-
lence 1s described. In one aspect, a first deformable mirror 1s
i1lluminated using collimated light from a source laser beam.
In one aspect movement (actuation) of a first deformable
mirror 1s controlled to modulate a reflected laser beam to
induce wave-front phase error (aberrations) onto a reflected
laser beam to simulate propagation of the reflected laser beam
through near-field acro-optical disturbance. In one aspect, the
reflected laser beam 1s focused onto a second deformable
mirror to form a near-field beam. In one aspect, movement
(actuation) of the second deformable mirror 1s controlled to
modulate a retlection of the near-field laser beam to induce
amplitude fluctuations onto the reflected near-field laser
beam to simulate propagation of the reflected near-field laser
beam through far-field atmospheric turbulence. In one aspect,
the second deformable mirror 1s 1n a Fourier plane of the first
deformable mirror. Other aspects are described and claimed.

It 1s understood that other configurations of the subject
technology will become readily apparent to those skilled 1n
the art from the following detailed description, wherein vari-
ous configurations of the subject technology are shown and
described by way of illustration. As will be realized, the
subject technology 1s capable of other and different configu-
rations and 1ts several details are capable of modification in
various other respects, all without departing from the scope of
the subject technology. Accordingly, the drawings and
detailed description are to be regarded as illustrative 1n nature
and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a conceptual block diagram illustrating an
example of a laser scintillation generation system according
to one aspect of the subject disclosure.

FIG. 2 1s a diagram 1llustrating a flow chart for simulation
of aecro-optical and atmospheric turbulence according to one
aspect of the subject disclosure.

FIG. 3 1s a block diagram illustrating a scintillation gen-
erator for stmulation of aero-optical and atmospheric turbu-
lence according to one aspect of the subject disclosure.

FIG. 4 1s a block diagram further illustrating the scintilla-
tion generator for simulation of aero-optical and atmospheric
turbulence of FIG. 3 according to one aspect of the subject
disclosure.

FIG. 5 1s a block diagram 1illustrating an example of a
scintillation generator for simulation of aero-optical and
atmospheric turbulence according to one aspect of the subject
disclosure.

FIG. 6 1s a block diagram further illustrating the scintilla-
tion generator for simulation of aero-optical and atmospheric
turbulence of FIG. 5, according to one aspect of the subject
disclosure.

FIG. 7 1s a diagram 1illustrating wave-iront error generated
by a first deformable mirror according to one aspect of the
subject disclosure.

FIG. 8 1s a diagram 1illustrating an irradiance plot of a laser
beam generated by a second deformable mirror without
actuation according to one aspect of the subject disclosure.

FIGS. 9A-9F are diagrams illustrating an 1rradiance plots
of laser beams generated by a second deformable mirror with
increased actuation according to one aspect of the subject

disclosure.

DETAILED DESCRIPTION

The detailed description set forth below 1s intended as a
description of various configurations of the subject technol-
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ogy and 1s not imntended to represent the only configurations in
which the subject technology may be practiced. The
appended drawings are incorporated herein and constitute a
part of the detailed description. The detailed description
includes specific details for the purpose of providing a thor-
ough understanding of the subject technology. However, 1t
will be apparent to those skilled 1n the art that the subject
technology may be practiced without these specific details. In
some 1nstances, well-known structures and components are
shown 1n block diagram form in order to avoid obscuring the
concepts of the subject technology. Like components are
labeled with 1dentical element numbers for ease of under-
standing.

Some aspects of the subject disclosure, address a need 1n
technology development for a wide variety of laser and elec-
tro-optical systems for reliable, calibrated, validated optical
simulation of aerodynamic and free-stream turbulence 1n a
laboratory setting. Conventionally, 1t has been necessary to
setup laser-based sensors and systems on mountaintops, tow-
ers and/or building tops (as far apart as practical) to test
performance at range, typically followed by very costly tlight
testing. This open-air testing introduces random, uncontrol-
lable unrepeatability into the test data, as well as tower or
building vibration and local thermal effects. Flight testing
adds several layers of unrepeatability to the testing. In addi-
tion, both methods are highly susceptible to weather condi-
tions, and are complicated by requiring lengthy and stringent
approvals by the Federal Aviation Administration (FAA) for
laser operation, often accompanied by restricted operation
times.

Some aspects of the present disclosure eliminate the need
for long-range testing during development of laser and elec-
tro-optical systems. In one aspect, single-DM modulation of
collimated beams 1s used to vary the wave-1ront phase error in
the beam. The application of the second DM 1n the Fourier
plane of the first DM, as embodied 1n one aspect of the present
disclosure, enables simulation of amplitude fluctuations 1n
the far field, thus providing a means for accurately simulating,
realistic propagation of beams through both aerodynamic
flow-fields and through free-stream paths outside the imme-
diate flow-field. Inclusion of a variable-density neutral filter
may allow simulation of path absorption by the atmosphere.
Optional 1inclusion of weak holographic diffusers in the path
simulates atmospheric scattering and radiance. This combi-
nation of components may provide a direct, easily calibrated,
casily validated method for accurate simulation of long-path
propagation, but within the controlled environment of an
optical laboratory.

In one aspect, the scintillation generator may be easily
reconfigured to any laser wavelength by changing approprate
optical lens elements. In one aspect, a scintillation generator
creates programmable simulations. A scintillation generator,
according to one aspect, should increase 1n value and utility
over time across many programs, as the input files to drive the
system for a specific case are added to its broader and more
general data library.

One aspect of the present disclosure allows precise simu-
lation of long-path turbulence and scintillation within the
controlled environment of an optical laboratory with no
restrictions other than those imposed by standard laser safety
regulations. The deformable mirrors used in one aspect are
strictly under computer control, and thus provide accurate,
repeatable, calibration and validation of wave-1ront modula-
tion of any desired temporal and spatial behavior, and at any
level of intensity. This provides a direct means and method for
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testing the performance of laser and electro-optical systems at
realistic ranges and conditions, but within the optical labora-
tory environment.

In one aspect, two deformable mirrors (DM) are used 1n
this scintillation generator. In one aspect, a first DM 1s fed
collimated light and 1s used to generate time-varying optical
wave-Iront phase errors that simulate the temporal and spatial
behavior of realistic acrodynamic and atmospheric turbu-
lence. Light reflects from this first DM to a focusing mirror
and 1s brought to the mirror focal point, which may be the
Fourier plane for the first DM. In one aspect, a second DM 1s
positioned at this focal point, and 1ts surface profile 1s driven
to simulate realistic spatial and temporal amplitude fluctua-
tions 1n the beam, characterized by the beam Rytov number,
coherency length (r,), anisoplanatic patch size, scintillation
variance and other metrics.

In one aspect, a third mirror may re-collimate the beam,
which 1s then optionally passed through a variable neutral
density filter to simulate path absorption, then optionally
through weak holographic diffusers to simulate path scatter-
ing and radiance, then into a zoom lens that brings the beam
to the focal point of a larger test collimator. The zoom lens
focal ratio may be varied to change the average diameter of
the beam projected from a collimator. In one aspect, the
scintillation generator 1s fully programmable through stan-
dard adaptive optics techniques and 1s able to duplicate any
desired level of aero-optical and atmospheric turbulence and
transmission at any desired, simulated test range.

As described herein, the term “near field” may refer to an
immediate flow-field surrounding and affecting a vehicle. As
further described herein, the term “far field” may refer to
acrodynamic tlow-fields and free-stream paths outside the
immediate tlow-field surrounding a vehicle. As further
described herein, the term “aero-optic aberration” may refer
to time varying phase errors within a near-field of a vehicle.
As further described herein, the term “scintillation aberra-
tion” may refer to amplitude fluctuations 1n a far field from a
vehicle. The terms “aero-optic aberration” and “scintillation
aberration” may refer to wave-front errors (WFE) that may be
induced within a laser beam to simulate the temporal and
spatial behavior of realistic acrodynamic and atmospheric
turbulence.

FIG. 11llustrates alaser scintillation generation system 100
in accordance with the disclosed aspects. System 100 1s oper-
able to access and receive wind tunnel data 162 and to access
and recerve computational fluid dynamics (CFD) predictions
166, test data 164, and/or flight test data 168 for precise
simulation of long-path turbulence and scintillation within
the controlled environment of an optical laboratory. System
100 may comprise a computer plattorm 110 having a memory
130 operable to store data, logic, and applications executable
by a processor 120. A user may 1nteract with system 100 and
its resident applications through one or more user interfaces
102, which may include one or more mput devices 104 and
one or more output devices 106. Additionally, system 100
may exchange communications with external devices 310/

320 (FIG. 3) and/or networks through a communications
module 114.

Computer platform 110 1s operable to transmit data across
a network, and 1s operable to receive and execute routines and
applications and display data generated within system 100 or
received from any network device or other computer device
connected to the network or connected to system 100. Com-
puter platform 130 may be embodied 1n, for example, one or
any combination of hardware, firmware, software, data and
executable instructions.
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Memory 130 may comprise one or any combination of
volatile and nonvolatile memory, such as read-only and/or
random-access memory (RAM and ROM), EPROM,
EEPROM, flash cards, flash memory cells, an electronic file
system, and any memory common to computer platforms.
Further, memory 130 may include one or more of any sec-
ondary or tertiary storage device, such as magnetic media,
optical media, tape, or soft or hard disk, including removable
memory mechanisms.

Further, processor 120 may be one or more of an applica-
tion-specific integrated circuit (“ASIC”), a chipset, a proces-
sor, a logic circuit, and any other data processing device. In
some aspects, processor 120, or another processor such as an
ASIC, may execute an application programming intertace
(API) layer 112 that interfaces with any resident programs
stored 1n memory 130 of system 100. API 112 may be a
runtime environment executing on system 100. In one aspect,
API 112, 1n combination with navigation menu 144, may be
used for precise simulation of long-path turbulence and scin-
tillation within the controlled environment of an optical labo-
ratory.

Additionally, processor 120 may include controller 122
embodied 1n hardware, firmware, software, data, executable
instructions and combinations thereof, which enable video
latency reduction according to one embodiment. For
example, controller 122 in combination with mirror actuation
logic 142 of scintillation generator module 140 may enable
precise simulation of long-path turbulence and scintillation
within the controlled environment of an optical laboratory.

Further, communications module 114 may be embodied in
hardware, firmware, software, data, executable instructions
and combinations thereof, and 1s operable to enable commu-
nications among the various wireless data links. For example,
communication module 114 may include the requisite hard-
ware, firmware, software, data, executable instructions and
combinations thereol, including transmit and receitve chain
components for establishing a wireless communication con-
nection.

Further, for example, communication module 114 1s oper-
able to recerve wind tunnel data 162 or CFD prediction 166
and forwards them to controller 122 or provides controller
122 with access to the data. Similarly, for example, commu-
nication module 114 1s operable to receive prior test data 164
or flight test data 168 and either forwards them to controller
122 or provides controller 122 with access to the data. Sub-
sequently, for example, communications module 114 1s oper-
able to forward test data to other device components for
turther processing such as path length selector 150 for adjust-
ing an optical path length of the far-field laser beam to achieve
a pre-determined far-field pattern at a target, according to one
aspect. According to one aspect of the subject disclosure,
controller 122 1s operable to control actuation of the first and
second deformable mirrors (FI1G. 3) for precise simulation of
long-path turbulence and scintillation within the controlled
environment of an optical laboratory.

Referring again to FIG. 1, one or more mput devices 104
for generating mputs into system 100, and one or more output
devices 106 for generating information for consumption by
the user of the system are provided. For example, input device
104 may include a mechanism such as a key or keyboard, a
navigation mechanism (e.g. a joy stick), a mouse, a touch-
screen display, a microphone in association with a voice
recognition module, etc. In certain aspects, input device 104
provides an interface for receiving user input, such as to
activate or interact with an application or module on a remote
vehicle. Further, for example, output device 102 may include
a display, an audio speaker, a haptic feedback mechanism, etc.

10

15

20

25

30

35

40

45

50

55

60

65

6

Further, user interface 102 may comprise one or any combi-
nation of input devices 104 and/or output devices 106.

FIG. 2 1s a diagram 1llustrating a flowchart 200 for precise
simulation of long-path turbulence and scintillation within
the controlled environment of an optical laboratory, accord-
ing to one aspect of the present disclosure. At process block
202, a first deformable mirror 1s illuminated using collimated
light from a source laser beam. At process block 204, move-
ment (actuation) of the first deformable mirror 1s controlled to
modulate a reflected laser beam to induce wave-1ront phase
errors onto the reflected laser beam to simulate propagation of
the retlected laser beam through near-field aero-optical dis-
turbance. At process block 206 the reflected laser beam 1s
focused onto a second deformable mirror to form a near-field
beam. At process block 208, movement (actuation) of the
second deformable mirror 1s controlled to modulate a retlec-
tion of the near-field laser beam to induce amplitude fluctua-
tions onto the reflected near-field laser beam to simulate
propagation of the reflected near-field laser beam through
far-field atmospheric turbulence. At process block 210, the
tar-field laser beam may be collimated using, for example, a
reversed Fourier lens 406 (FIG. 6) to form a far-field laser
beam.

Referring again to FIG. 2, at process block 212, an optical
path length of the far-field laser beam may be adjusted to
achieve a pre-determined far-field pattern at a target. In one
aspect, an optical path length 1s determined using fold mirrors
330, as shown 1n FIGS. 3-6, which may be adjusted along
track 332 to achieve a desired optical path length, as described
in further detail below. At process block 214 the far-field laser
beam may be projected onto a target screen using a collimator
360/460, as shown 1n FIGS. 3-6.

As described with reference to FIGS. 1-6, the control of the
first and second deformable mirrors (DM-1 310/410 and
DM-2 320/420 (FIGS. 3-6)) 1s provided to actuate or move

the deformable mirrors to induce phase errors or amplitude
errors 1n reflected signals. In one aspect, controlling the
movement of DM-1 310/410 and DM-2 320/420 1s performed
using, for example, wind tunnel data 162, previous test data
164, CFD predictions 166, or flight test data 168, as described

in F1G. 1. In one aspect, sensors or other like instruments may
be used to measure turbulence experienced within a wind
tunnel. Based on measurements taken with the sensors or
other like instruments within the wind tunnel, the measured
wind tunnel turbulence may be used to move (actuate) DM-1
310/410 and DM-2 320/420 while 1lluminated with a laser
beam, such that a retlected signal includes induced wave front
errors. According to one aspect of the subject disclosure, the
wave front errors may refer to phase errors or amplitude
CITors.

In one aspect, movement of DM-1 310/410 according to,
for example, wind tunnel data 162, while 1lluminated with a
laser beam, simulates the propagation of a reflected laser
beam through near-field aero-optical disturbance by inducing
phase fluctuations in a reflected laser beam. In a further
aspect, movement of DM-2 320/420 according to, for
example, CFD predictions 166, while 1lluminated with a near-
field laser beam, simulates the propagation of a reflected
near-field laser beam through far-field atmospheric turbu-
lence by inducing amplitude fluctuations onto the reflected
near-field laser beam. As shown 1n FIG. 6, the reflected near-
field laser beam from DM-2 410 may be passed through
collimating lens 406 to form a far-field laser beam. In one
aspect, the far-field laser beam includes induced amplitude
fluctuations superimposed onto wave-1iront phase aberrations



US 8,731,884 B2

7

to simulate propagation of the far-field laser beam through
near-field aero-optical disturbance and far-field atmospheric
turbulence.

FIG. 3 1s a block diagram 1llustrating a scintillation gen-
crator 300 for simulation of aero-optical and atmospheric
turbulence according to one aspect of the subject disclosure.
Representatively, scintillation generator 300 utilizes a colli-
mated beam through the path from laser source 302. A first
deformable mirror (DM-1) 310 and a second deformable
mirror (DM-2) 320 are located at the near field of laser source
302. In one aspect, DM-1 310 and DM-2 320 are used 1n
conjunction with one another to itroduce wave-front error
(WFE) mto a laser beam to provide a far field scintillated
pattern 370. If, for example, DM-1 310 has more actuator
stroke than DM-2 320, the deformable mirror 310 and 320
can be used in a wooler-tweeter configuration 1n order to
replicate a desired WFE. Otherwise, the deformable mirror
310 and 320 can be used to split the workload of replicating
the desired WEFE.

Representatively, scintillation generator 300 may use first
and second polarizing beam splitters (314 and 316) 1n con-
junction with quarter (¥4) wave plates (312 and 318) for
allowing the 1ncident energy to strike DM-1 310 and DM-2
320 at normal incidence angle. This introduces the least
amount of residual WFE replication as there 1s no tip/tilt to
DM-1 310 or DM-2 320 that would cause the beam spot to
spread. Some experimental setups, however, cannot use beam
splitters, such as scintillation generator 390 of FIG. 4, which
1s shown without the use of beam splitters 314 and 316. In one
aspect, DM-1 310 and DM-2 320 may be tilted to an optical
ax1is by the minimum amount of angle needed for the beam to
physically clear other optical elements on the optics bench
(for example a nominal 5°).

As further shown in FIG. 3, fold mirrors 330 (330-1 to
330-6 F1G. 4) are used on order to increase the optical path
length 1n order to achieve a far-field pattern 370 at target 380.
In one aspect, fold mirrors 330 may be attached to rail/track
332 and moved on track 332 to either increase or decrease a
path length to the far field as indicated by arrow 334. Repre-
sentatively, after the beam encounters fold mirrors 330, itmay
be put through a zoom lens 340. The zoom lens 340, using
mirror 350, may then feeds the energy into a collimator 360
that projects the energy onto a target screen 380. In one
aspect, the purpose of zoom lens 340 1s to vary the focal
length at the collimator focus. When the focal length changes,
the si1ze of the far-field pattern 370 changes, thus allowing the
system to replicate a far-field pattern 370 at different ranges.

FIG. 5 1s a block diagram 1llustrating a scintillation gen-
crator 400 for simulation of aero-optical and atmospheric
turbulence according to one aspect of the subject disclosure.
Representatively, scintillation generator 400 may use a focus-
ing (Fourier) lens 404 that focuses the source laser beam 402
onto a first deformable mirrors (DM-1) 410. DM-1 410 may
be located at the near field of laser source 402, where the
source laser beam 402 1s collimated. In one aspect, DM-1 410
may introduce phase aberration to the wave-front, which may
be referred to herein as near-field aberrations. In one aspect,
movement (actuation) of DM-1 410 1s controlled to simulate
propagation of a reflected laser beam through near-field aero-
optical disturbance. Representatively, the source energy
reflecting from the DM-1 410 may be focused by a Fourier
lens onto a second deformable mirrors (DM-2) 420 to form a
near-field laser beam.

In one aspect, DM-2 420 may introduce amplitude aberra-
tions to the wave-iront at the far-field, which may be referred
to herein as far-field aberrations. In one aspect, movement
(actuation) of DM-2 420 1s controlled to induce amplitude
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fluctuations onto the reflected near-field laser beam to simu-
late propagation of the reflected near-field laser beam through
far-field atmospheric turbulence. After retlecting off of DM-2
420, the energy 1s then re-collimated by traveling through a
collimating lens 406 (FIG. 6). In one aspect, collimating lens
406 1s a second Fourier lens that has been reversed. In one
aspect, an optional bank of fold mirrors 430 can be used to
bring the energy to the far-field. In an alternative aspect, fold
mirrors 430 could be bypassed and the resulting, aberrated
near-field pattern could be used as a representation of a
smaller section of a far-field pattern.

Representatively, scintillation generator 400 may utilizes
polarizing first and second beam splitters (414 and 416) in
conjunction with quarter (V4) wave plates (412 and 418) for
allowing the incident energy to strike DM-1 410 and DM-2
420 at normal incidence angle. This introduces the least
amount of residual WFE replication as there 1s no tip/tilt to
DM-1 410 or DM-2 420 that would cause the beam spot to
spread. Some experimental setups, however, cannot use beam
splitters, such as scintillation generator 490 of FI1G. 6, which
1s shown without the use of beam splitters 414 and 416. In one
aspect, DM-1 310 and DM-2 320 may be tilted to an optical
ax1is by the minimum amount of angle needed for the beam to
physically clear other optical elements on the optics bench
(for example a nominal 5°).

As further shown in FIG. §, fold mirrors 430 (430-1 to
430-6 FIG. 6) are used on order to increase the optical path
length 1n order to achieve a far-field pattern 470 at target 480.
In one aspect, fold mirrors 430 may be attached to rail/track
432 and moved on track 432 to either increase or decrease a
path length to the far field as indicated by arrow 434. Repre-
sentatively, after the beam encounters fold mirrors 430, it may
be put through a zoom lens 440. The zoom lens 440, using
mirror 450, may then feed the energy into a collimator 460
that projects the energy onto a target screen 480. In one
aspect, the purpose of zoom lens 440 i1s to vary the focal
length at the collimator focus. When the focal length changes,
the size of the far-field pattern 470 changes, thus allowing the
system to replicate a far-field pattern 470 at different ranges.

Accordingly, aspects of the subject disclosure enable the
simulation of laser beam propagation through for example,
near field aero-optical turbulence as well as far field atmo-
spheric turbulence within a laboratory environment, as
shown, for example, with reference to FIGS. 3-6. In one
aspect, DM-1 includes a 50 mm faceplate with 7x7 actuators.
In one aspect DM-2 includes an 8 mm faceplate with 11x11
actuators. According to such an embodiment, a 25 mm diam-
cter collimated laser beam may be used as a source laser beam
302/402 to 1lluminate DM-1 310/410. In one aspect, actuation
of DM-1 310/410 and DM-2 320/420 may be based on wind
tunnel data and CFD predictions. For example, wind tunnel
data and CFD predictions may be converted into voltage
signals via an algorithm that drives DM-1 310/410 and DM-2
320/420.

FIG. 7 1s adiagram 1llustrating wave-tront error (WFE) 500
generated by a first deformable mirror according to one
aspect of the subject disclosure. For example, as shown 1n
FIG. 6, WFE 300 may be generated by actuating DM-1 410 to
modulate a reflected laser beam for simulation of induced
near-field aero-optical aberrations onto the reflected laser
beam 1n response to the source laser beam 402. In one aspect
the induced near-field aero-optical aberrations refer to wave-
front phase errors.

FIG. 8 1s a diagram 1llustrating an irradiance plot 510 of a
laser beam generated by a second deformable mirror (DM-2
420) without actuation according to one aspect of the subject
disclosure. FIGS. 9A-9F are diagrams further 1llustrating an
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irradiance plots (520-570) of laser beams generated by DM-2
420 with increased actuation according to one aspect of the
subject disclosure. For example, as shown 1n FIG. 6, WFEs
may be generated by actuating DM-2 420 to modulate a
reflection of the near-field laser beam for simulation of
induced turbulence and scintillation onto a far-field laser
beam. In one aspect the induced turbulence and scintillation
may refer to amplitude fluctuations superimposed onto the
near-field beam to form a far-field scintillated pattern 470.

It 1s understood that the specific order or hierarchy of steps
in the processes disclosed 1s an illustration of exemplary
approaches. Based upon design preferences, 1t 1s understood
that the specific order or hierarchy of steps in the processes
may be rearranged. Some of the steps may be performed
simultaneously. The accompanying method claims present
clements of the various steps 1n a sample order, and are not
meant to be limited to the specific order or hierarchy pre-
sented.

The previous description 1s provided to enable any person
skilled 1n the art to practice the various aspects described
herein. The previous description provides various examples
of the subject technology, and the subject technology 1s not
limited to these examples. Various modifications to these
aspects will be readily apparent to those skilled in the art, and
the generic principles defined herein may be applied to other
aspects. Thus, the claims are not intended to be limited to the
aspects shown herein, but 1s to be accorded the full scope
consistent with the language claims, wherein reference to an
clement 1n the singular 1s not intended to mean “one and only
one”” unless specifically so stated, but rather “one or more.”
Unless specifically stated otherwise, the term “some” refers
to one or more. Pronouns in the masculine (e.g., his) include
the feminine and neuter gender (e.g., her and 1ts) and vice
versa. Headings and subheadings, 11 any, are used for conve-
nience only and do not limit the invention.

A phrase such as an “aspect” does not imply that such
aspect 1s essential to the subject technology or that such
aspect applies to all configurations of the subject technology.
A disclosure relating to an aspect may apply to all configu-
rations, or one or more configurations. An aspect may provide
one or more examples. A phrase such as an aspect may refer
to one or more aspects and vice versa. A phrase such as an
“embodiment” does not imply that such embodiment 1is
essential to the subject technology or that such embodiment
applies to all configurations of the subject technology. A
disclosure relating to an embodiment may apply to all
embodiments, or one or more embodiments. An embodiment
may provide one or more examples. A phrase such an embodi-
ment may refer to one or more embodiments and vice versa.
A phrase such as a “configuration” does not imply that such
configuration 1s essential to the subject technology or that
such configuration applies to all configurations of the subject
technology. A disclosure relating to a configuration may
apply to all configurations, or one or more configurations. A
configuration may provide one or more examples. A phrase
such a configuration may refer to one or more configurations
and vice versa.

The word “exemplary” 1s used herein to mean “serving as
an example or 1llustration.” Any aspect or design described
herein as “exemplary” 1s not necessarily to be construed as
preferred or advantageous over other aspects or designs.

All structural and functional equivalents to the elements of
the various aspects described throughout this disclosure that
are known or later come to be known to those of ordinary skill
in the art are expressly incorporated herein by reference and
are intended to be encompassed by the claims. Moreover,
nothing disclosed herein 1s intended to be dedicated to the
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public regardless of whether such disclosure 1s explicitly
recited 1n the claims. No claim element 1s to be construed
under the provisions of 35 U.S.C. §112, sixth paragraph,
unless the element 1s expressly recited using the phrase
“means for” or, in the case of a method claim, the element 1s
recited using the phrase “step for.” Furthermore, to the extent
that the term “include,” “have,’ or the like 1s used in the
description or the claims, such term 1s intended to be inclusive
in a manner similar to the term “comprise” as “comprise’” 1s
interpreted when employed as a transitional word 1n a claim.
What 1s claimed 1s:
1. A method for stmulating long-path turbulence and scin-
tillation, the method comprising:
controlling a first deformable mirror to modulate a first
reflected laser beam reflected ofl of the first deformable
mirror and to induce wave-iront phase errors in the first
reflected laser beam to simulate propagation of a laser
beam through near-field aero-optical disturbance;

focusing the first reflected laser beam onto a second
deformable mirror to form a second reflected laser beam,
the second deformable mirror being positioned within a
near-field of the first reflected laser beam and located 1n
a Fourier plane of the first deformable mirror; and

controlling the second deformable mirror to modulate the
second reflected laser beam to induce amplitude fluctua-
tions in the second reflected laser beam to simulate
propagation of the first reflected laser beam through
far-field atmospheric turbulence.

2. The method of claim 1, wherein controlling the first
deformable mirror further comprises:

recerving wind tunnel measured data; and

controlling actuation of the first deformable mirror 1n

response to the wind tunnel data to induce near-field
acro-optical aberrations onto the first reflected laser
beam.

3. The method of claim 1, further comprising:

illuminating the first deformable mirror with collimated

light.

4. The method of claim 1, further comprising:

adjusting an optical path length of the second reflected

laser beam to achieve a pre-determined far-field pattern
at a target.

5. The method of claim 1, further comprising;

passing the second reflected laser beam through a collima-

tor to form a far-field laser beam; and

projecting the far-field laser beam onto a target screen

using the collimator.

6. The method of claim 1, wherein controlling the second
deformable mirror further comprises:

recerving computational fluid dynamics predictions of

atmosphere; and

controlling actuation of the second deformable mirror 1n

response to the computational fluid dynamics predic-
tions to mnduce amplitude fluctuations onto the second
reflected laser beam to form a far-field laser beam.

7. The method of claim 6, further comprising;

collimating the far-field laser beam using a reversed Fou-

rier lens.

8. A non-transitory computer readable medium having pro-
cessor-executable software mstruction to perform a method
for simulating of long-path turbulence and scintillation, com-
prising:

illuminating a first deformable mirror using collimated

light from a source laser beam:;

controlling the first deformable mirror to modulate a first

reflected laser beam reflected off of the first deformable
mirror and to induce near-field aero-optical aberrations
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in the first reflected laser beam to stmulate propagation
of the collimated light through near-field aero-optical
disturbance;
focusing the first reflected laser beam onto a second
deformable mirror to form a second reflected laser beam,
the second deformable mirror being positioned within a
near-field of the first reflected laser beam and located 1n
a Fourier plane of the first deformable mirror; and
controlling the second deformable mirror to modulate the
second reflected laser beam to induce amplitude fluctua-
tions 1n the second reflected laser beam to simulate
propagation of the first reflected laser beam through
far-field atmospheric turbulence.
9. The non-transitory computer readable medium of claim
8, wherein controlling the second deformable mirror further
COmMprises:
receiving computational fluid dynamics predictions of
atmosphere; and
controlling actuation of the second deformable mirror in
response to the computational fluid dynamics predic-
tions to induce amplitude fluctuations superimposed
onto the second retlected laser beam to form a far-field
laser beam.
10. The non-transitory computer readable medium of claim
9, further comprising:
collimating the far-field laser beam using a reversed Fou-
rier lens.
11. The non-transitory computer readable medium of claim
9, further comprising;:
adjusting an optical path length of the far-field laser beam
to achieve a pre-determined far-field pattern at a target.
12. The non-transitory computer readable medium of claim
11, further comprising:
projecting the far-field laser beam onto a target screen
using a collimator.
13. The non-transitory computer readable medium of claim
8, wherein actuating the first deformable mirror further com-
Prises:
receiving wind tunnel measured data; and
controlling actuation of the first deformable mirror in
response to the wind tunnel data to induce wave-iront
phase errors onto the first reflected laser beam.
14. A system for simulating of long-path turbulence and
scintillation within a laboratory, comprising:
a source laser beam:
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a first deformable mirror operable to actuate for modula-
tion of a first retlected laser beam retlected off of the first
deformable mirror and to induce wave-front phase errors
in the first reflected laser beam to simulate propagation
of the source laser beam through near-field aero-optical
disturbance;

a lens operable to focus the first reflected laser beam onto a
second deformable mirror to form a second reflected
laser beam, the second deformable mirror being posi-
tioned within a near-field of the first reflected laser
beam;

the second deformable mirror operable to reflect the first
reflected laser beam and to mmduce amplitude fluctua-
tions in the second reflected laser beam to simulate
propagation of the first reflected laser beam through
far-field atmospheric turbulence; and

a controller operable to control actuation of the first and
second deformable mirrors,

wherein the second deformable mirror 1s 1n a Fourier plane
of the first deformable mirror.

15. The system of claim 14, wherein the controller 1s fur-
ther operable to control actuation of the second deformable
mirror in response to computational fluid dynamics predic-
tions of atmosphere to induce amplitude fluctuations onto the
second reflected laser beam to form a far-field laser beam.

16. The system of claim 14, wherein the controller 1s fur-
ther operable to control actuation of the first deformable
mirror 1 response to wind tunnel data to induce near-field
aero-optical disturbance onto the first reflected laser beam.

17. The system of claim 15, further comprising a collimator
operable to project the far-field laser beam onto a target
screen, the collimator positioned 1 an optical path to the
target screen.

18. The system of claim 15, further comprising a plurality
of adjustable fold mirrors operable to adjust an optical path
length of the far-field laser beam to achieve a pre-determined
tar-field pattern at a target.

19. The system of claim 18, a zoom lens positioned
between the fold mirrors and the target, the zoom lens oper-
able to adjust a size of the pre-determined far-field pattern at
the target.
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